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SUMMARY 

Ferroelectric  memory  cells  have  been  fabricated  using  a  pro¬ 
cess  compatible  with  semiconductor  VLSI  (Very  Large-Scale 
Integration)  manufacturing  techniques  which  are  basically  non¬ 
volatile  and  radiation  hard.  The  memory  can  be  made  NDRO 
(Nondestructive  Readout)  for  strategic  and  SDI  (Strategic 
Defense  Initiative)  systems  using  several  techniques;  the 
most  practical  is  probably  a  rapid  read/restore  in  combination 
with  ED AC  software.  This  memory  can  replace  plated  wire  and 
will  have  substantial  advantages  in  cost,  weight,  size,  power 
and  speed.  It  provides  a  practical  cost-competitive  solution 
to  the  need  for  nonvolatile  RAM  in  all  hardened  tactical, 
avionic,  and  space  systems. 
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SECTION  1 


INTRODUCTION 

There  is  a  compelling  need  for  nave,  nonvolatile  semicon¬ 
ductor  memories  for  future  strategic  systems  and  for  space 
defense  initiative  ,'SDI)  systems.  Tne  cost  acceptable 
semiconductor  memory  currently  available  is  based  on  plated 
wire.  Due  to  the  high  cost  of  plated  wire,  NORC  core  memory 
is  also  being  explored  as  a  possible  alternative.  Research 
and  development  programs  are  being  pursued  in  an  attempt  to 
develop  magneto-resistive  memories  and  two-dimensional 
plated  magnetic  memories.  So  far  tr.ese  programs  nave  only 
met  with  limited  success. 

Recently,  ferroelectric  memories  have  been  developed  (Ref.l) 
which  seem  to  have  all  the  essential  physical  and  elec¬ 
tronic  properties  to  provide  hard,  nonvolatile  semiconductor 
memories.  These  memories  will  have  immediate  utility  for 
all  nonvolatile  semiconductor  memory  applications.  They 
will  also  have  immediate  utility  for  all  nonvolatile  require¬ 
ments  where  the  radiation  environment  is  compatible  with 
surface  or  atmospheric  requirements  such  as  Army,  Navy  and 
Air  Force  tactical  requirements,  avionic  requirements,  and 
space  natural  environment  requirements.  Tr.ese  memories  will 
also  have  immediate  utility  for  DRO,  nonvolatile,  r.ardened 
memories  for  all  military  requirements.  Some  deve.opmer.t 
will  be  necessary  to  provide  hardened  nonvolatile  NDRO  memo¬ 
ries  for  strategic  and  301  applications,  in  that  E3AC  soft¬ 
ware,  or  oartiaj  sensing  (NDRO  sensing)  or  differential 
oartial  sensing  against  a  reference  cell  must  oe  provided. 

Of  these  possibilities  EDAC  is  probably  tne  simplest  anc 
most  u i  v c c t  ci p. c  w i  _  s^uiu,  —  teip.eou3.iy  rssoivc;  tne  3  Z 
issue  should  tne  ferroelectric  t^&pcicitor  memory  cells  ever 
become  sin^--.  e p. o u cj n  to  neve  <3  3EU  oroo-civ. . 


Presently*  a  012-bit  test  chip  with  special  circuitry  has 
been  fabricated  which  enables  testing  the  ferroelectric 
capacitors  (Figure  1).  This  chip  is  built  oy  purchasing 
"standard"  technology  CMOS  chips  which  contain  transistors 
for  electrical  isolation,  addressing,  driving,  and  decoding, 
and  series  sense  capacitors  which  provide  voltage  divider 
action  to  provide  nodes  for  sensing  with  a  differentia^  op- 
amp.  A  2K  x  8  version  r.as  been  designed  and  faoricatec 
which  combines  the  versatility  of  a  RAM  with  the  nonvolatile 
advantage  of  a  ROM.  A  206K  RAM  based  on  extending  tne 
current  16K  version  is  planned. 
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SECTION  2 


5A3 IC  MECHANISMS 


The  ferroelectric  effect  occurs  in  materials  where  the  basic 
crystal  a  _  .ows  i  ore  c  polarization,  (Ref.  ?)  .  An.  apo.iec  elec¬ 
tric  field  produces  a  very  s.tiail  relative  movement  oi  one  of 
the  atoms  in.  the  unit  cell,  and  this  displacement  persists 
after  the  field  is  removed.  This  ’ionic’  polarization 
results  in.  a  hysteresis  curve  which  resembles  ferromagnetic 
hysteresis  a 1  thou gr.  the  element  iron  is  seldom  present. 

Figures  2a  and  2b  are  hysteresis  curves.  Notice  it  is  not  as 
’’square'1  as  a  good  ferromagnetic  hysteresis  loop. 


Polarization  is  measured  in  units  of  cnarge/cm^  and  tn.e 

field  across  the  capacitor  is  measured  in  voits/cm.  A 

f  ac  i  _e  ever,  t^ougn  overs imp.  if  tec  e>:pi.an.ation  of  tn.e  memory 

operation  is  to  recognize  that  in  t no  saturated  ooiarizat  iur. 

condition  ?5 ,  tne  aou.  icatior.  of  a  fieic  m  tne  direction  of 

the  ’polarization  will  not  change  the  ’ionic’  polarization  very 

mucr.  ana  tn.e  capacitor  wui  respO',c  w.tn  a  capacitance  . 

However,  if  a  reverse  fie-ic  is  aop.-ec,  tn.e  ionic  poiarizat  ior 

Will  cnasrcje  to  wmen  means  that  a  cnarge  approximately  t-qna 

to  the  Integra  tec  a  large  witi  in  tn.e  hysteresis  .  oop  w;..  appear 

m  addition  to  tiie  norma*  response  of  tne  capacitor 

%CS.  That  is,  a  f  Itf-iU  1  !’l  011  6:  Ci-  :  tfC  t  ;u'.i  O  i'OCi  U»_:  trS  cl  •.  trS  ►lu’ibc1 

Citr  Z  I  '"*€*C  uy  -  ct. id  111  t  Tie  Otiitfi  dii'fei  *  iOU  .  -  C ..  . 

is  u 


Tiler  Sctiil \J  *r  Cel p«5iC  1  1  GV  S  ut*5t6*cl  l'\  t  :1  *f*  V  cs  C.  1  rx  t  1  O:*-.  c;V\:l  rO'.’i  iCev:*'. 

were  ca :  >OU  t  6^  X  x  0.  Ci*  cillw  llciu  Vfiiueb  uf  F*  c  -  r\. 

%  *  5  L  /  l-li,  *  . 


.  .  tr  1'  O  .leaver  Ocr*':1 

:  oe^ectric  :iys 

BaTiO^  nna  .  J  t; 


incT-iy  pi'CVlOUS  a  t  triupts  *.  Ci  Utilize  t  l:tr  ftri- 
te r e* s  i  *oojj  ro:  j>  ~  o.'rtbe  .  For  6* , 

cXteiiS  i  Vr  j  y  St  Uu  Ou  i  r  *=*  f  .  2  )  .  7 :  j  t:  pi  uU  j  trial 
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up  to  now  has  been  fatigue;  that  is,  the  polai’ization  pheno¬ 
menon  tends  to  decrease  and  disappear  after  a  number  of 
reversals.  This  is  obviously  bad  news  for  a  RAM.  However, 
the  recent  results  from  the  specially  doped  PbTiOg  "oerov- 
sKite"  ceramics  with  ferroelectric  characteristics  have 
shown  exceptionally  good  "fatigue"  characteristics .  Figures 
3a  and  3b  show  the  BaTiO^  lattice  which  is  an  example  of  a 
simple  perovskite  crystal.  A  more  complex  perovskite  lat¬ 
tice,  a  chemically  modified  (i.e.,  doped)  lead  titanate,  has 
been  developed  to  meet  the  practical  requirements  of  memory 
applications.  The  present  state-of-the-art  is  shown  in 
Table  i  (Ref.  1).  Research  to  improve  this  is  continuing. 
However,  t.ne  present  state-of-the-art  will  allow  continuous 
read-write  operations  for  the  order  of  approximately  10  years. 


The  basic  dielectric  constant  of  a  ferroelectric  cell  is 
related  to  the  polarization  as  follows  (Ref.  2) : 


K  -  1  = 


P 

f.  E 


o 

where  K  is  dielectric  constant,  ?  is  polarization,  <■=_. 
is  the  permittivity  of  free  space,  and  E  is  the  field 
produce  the  polarization. 


useu 


(1) 


to 


Ine  capacitance  oi  the  memory  structure  is  given  by 


C  = 


Ke0A 


(2) 


where  A  is  the  area  of  the  capacitor  and  c  is  the  thickness. 
For  X  >  >  l 


(3) 


l 


1 


7 


I 


Figure  3a.  The  BaTi03  structure,  showing  the 
octahedra  of  oxygen  atoms  about  th 
titanium  atoms  {Ref.  5) . 


Figure  3b.  Cubic  Perovskite-type  structure 
AB03  (Ref.  5). 


<0* 


Table  1.  Properties  of  doped  ?bTi03 

f erroelectric  material.  (Ref  i.}. 


Initial  remanent  polarization 

Initial  saturation  polarization 

Remanent  polarization  at  10-2 
write  cycles 

Saturation  Polarization  at  10-2 
write  cycles 

Remanent  polarization  loss  <40%  in 
10  years11 

Coercive  Field 

Switching  time  at  120  MV/cm 
applied  field 

Dielectric  strength 

Curie  temperature 


5  |  pC /cm2 

» 

I  2 

15  j  pC/cm 

«  o 

1  j  pC/cm/ 

I 

I 

5  !  wC / cm2 

l 

» 

I 

I 

i 

I 

50  |  MV/ cm 

]  ns 

I 

) 

>800  <  MV/cm 

J 

l 

>300  1  °C 

I 


1.  Polarization  measurements  done  with  1  us  pulse  drive 
using  a  Sawyer-Tower  circuit. 

2.  "Write  Cycles"  denotes  full  drive  field  polarization 
reversal.  This  is  the  worst-case  condition  of  continuous 
writing  with  data  state  reversal  on  each  cycle. 

3.  Coercive  field  denotes  the  point  where  the  hysteresis 
loop  passes  through  zero  polarization.  This  measurement  was 
done  with  a  100  KHz  AC  field  applied. 

4.  Data  given  assumes  room  temperature  measurement  unless 
otherwise  noted. 

*40%  less  results  in  no  loss  of  digital  data. 


M 
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Again  for  trie  newly  developed  ferroelectric  capacitors  the 
capacitance  is  approximately  1  PF,  and  the  dielectric  constant 
approximately  103. 

Ferroelectric  phenomena  have  a  Curie  temperature  above 
which  the  polarization  disappears.  This  temperature  is  in 

o 

excess  of  300  C  for  the  ferroelectric  capacitors  discussed 
in  this  paper.  This  is  safely  above  the  normal  military 
application  range. 

The  dielectric  constant  varies  as  1/(T~TC)  near  the  Curie 
point.  It  does  not  go  to  infinity  at  Tc  of  course;  the 
ferroelectric  effect  simply  disappears.  Measuring  the 
dielectric  constant  on  both  sides  of  the  Curie  point  allows 
one  to  determine  if  the  phase  transition  is  first  order 
or  second-order.  For  some  f erroeiectr ics  the  transition 
appears  too  complex  for  easy  explanation  by  either  first  or 
second -order  processes. 
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SECTION  3 


FERROELECTRIC  MATERIALS  FOR  IC  MEMORY 
APPLICATIONS  AND  FERROELECTRIC  MEMORY  FABRICATION 

3.1  FERROELECTRIC  MATERIAL. 

Several  boundary  conditions  are  placed  on  the  properties  of 
a  ferroelectric  storage  medium  to  be  used  in  a  practical 
integrated  circuit  memory  application.  Along  with  the 
requirement  for  an  acceptable  rate  of  fatigue  already 
mentioned  memory  applications  require  acceptable  storage 
temperature  range,  data  retention,  switching  voltage, 
switching  speed,  and  dielectric  integrity.  The  material 
must  also  be  suitable  for  integration  with  semiconductor 
devices  without  creating  contamination  problems  and  must  be 
compatible  with  integrated  circuit  fabrication  methods. 

Ferroelectric  ceramics  have  temperature  and  environmental 
stability  well  suited  to  integrated  circuit  applications  and 
the  properties  of  ferroelectric  ceramics  can  be  tailored  by 
impurity  doping  (Ref.  7j.  A  specially  doped  Lead  litanate 
was  developed  specifically  to  meet  the  requirements  of  the 
integrated  circuit  memory  application.  Some  of  the  relevant 
properties  of  this  material  are  listed  in  Table  1. 

3.2  FABRICATION. 

Ferroelectric  storage  capacitors  are  integrated  with  CMOS  to 
produce  a  full  integrated  circuit  with  a  JEDEC  standard  SRAM 
interface.  This  is  accomplished  by  fabricating  a  parallel 
plate  f erroeiectric  capacitor  atop  interievei  glass  normally 
used  to  separate  the  semiconductor  portion  of  a  circuit  from 
the  first-level  metal  interconnect  (see  Figure  4). 


p 

p 

X 

*- J 

0 

1 

CD 

a. 

3  E 

X 

p 

01 

CD  33 

CO 

X  3 

•H 

CD 

p  x 

o  x 

P  X 

G  C 

a 

X 

0 

X 

O  44 

cp  a 

0  X 

i 

<0 

c 

+j 

<D  CO 

0 

CO  CD 

N  E 

G 

Q 

*H 

•rH 

4H 

TO  CD 

p 

P  > 

•P  3 

3 

3 

o 

0 

C 

o 

CT-P 

P  X 

P 

o 

e 

3 

CD  CD 

•rH 

0  P 

O  3 

X 

3 

a  a  c  x 

E 

P  33 

X 

CD 

C 

CO 

0 

•H 

O 

01 

01 

CP 

•p 

o 

4-1 

«— l  £ 

CD 

*P  t — i 

CD  -P 

01 

m 

e 

o 

X 

E  <tJ 

X 

3 

p 

3 

o 

CD 

CD  P 

X 

X 

X  01 

a- 

0  »H 

•h  x 

> 

CD  CD 

CD 

X 

(0 

p 

4-> 

*P  (D 

X 

X  E 

C  C 

CD 

01 

4-> 

p  x 

0 

X 

•P  -P  X 

CD 

O 

P 

33  44 

E 

X 

X 

X 

XX 

CD 

(0 

E 

x  o 

c 

to 

Eh 

1 — 1 

CD 

CD  cr> 

O 

O  X 

O  33 

5 

P 

CD 

C 

X  C 

X 

X 

•P  p 

o 

*H 

O 

44  0 

X 

CD  0 

oi  0  x 

4-1 

• 

P 

c 

1 - 1 

O  XI  X 

oi  3: 

CD 

ip 

P 

CD 

E  co 

X 

•H 

CD 

X 

a> 

CD 

CD 

0 

01  a) 

P  >. 

x 

p 

4H 

01 

P  0) 

CD 

X 

Xi  x 

X 

x 

p 

4P  E 

X 

P  X 

CD  0 

01 

m 

CD 

01 

3 

X 

CD 

3  a  3 

cr 

XX 

•rl 

44  P 

x  c r 

•PH 

c 

>i  X 

O 

p 

x  c 

3  CD 

•H 

P 

p 

CD  X 

CO 

*p  *p 

X 

c 

2 

o 

4-1 

o 

G  0 

a) 

a)  oi 

01  X 

0 

0 

E 

0 

4-1 

C  -P 

c 

01 

3 

-p 

x 

CD 

01 

O  X 

Q.  O 

CP 

0) 

01 

E 

01 

•p 

U  2 

c 

3  P 

C  G 

3 

<u 

01 

P 

2 

u 

CD  -H 

X 

x 

m 

33 

c 

CD  - 

o 

G 

CD  01 

X 

CL 

0 

cO 

X  i-P 

X 

3  CD 

01  01 

•p 

<0 

c 

p 

P 

C  CO 

01 

P  C 

O 

33 

p 

*H 

X 

X 

•P  X 

•P 

01  J-. 

cr> 

o 

CD 

01 

01  X 

-P  o 

CD 

0 

01 

CD 

01 

E  E 

•H 

CD 

X 

p 

2 

r— 1 

01 

3 

C  X 

X  CD 

X 

o 

0 

CD 

cO 

C  CD 

-p  *p 

U  C 

•p 

p 

a-Hti 

E 

x  X 

*H  »rH 

0 

£  P-  E  O  r-J  rC  H  |j 

hj  hj 


0 

X 

3 

O 

o 

Eh 

C 

•rH 

O 

P 

V-) 

CD 

CD 

o 

2 

O 

X 

3 

X 

X 

X 

CD 

rH 

•H 

•H 

X 

o 

03 

X 

o 

X 

CD 

p 

c 

• 

W 

CD 

C 

CD 

a 

Eh 

X 

0 

2 

D 

X 

0 

r*H 

E 

CD 

E 

u 

o 

o 

4-1 

Eh 

U 

CD 

03 

0 

U 

0 

CD 

•rH 

p 

4-1 

• 

P 

P 

• 

X 

r-H 

i — 1 

•H 

CP 

0) 

tr>4-» 

X 

3 

X 

X 

CD 

•rH 

X 

T5 

• 

C 

X 

c 

0 

0 

a 

0 

0 

U) 

o 

C 

■P 

3 

•H 

01 

01 

3 

X 

P 

3 

W 

0 

X 

X 

c 

X 

X 

P 

P 

ai 

•H 

•rH 

3 

c 

u 

o 

CD 

CP 

CD 

CD 

0 

X 

E 

P 

3 

3 

CD 

X 

0 

X 

X 

a 

O' 

U) 

o 

O 

O 

CD 

C 

X 

p 

X 

G 

(U 

CD 

c 

X 

01 

C 

0 

CD 

CD 

0 

C 

P 

ai 

01 

C 

0 

O 

•H 

0 

X  X 

i — < 

•«— i 

•P 

CD 

•rH 

<C 

0 

u 

X 

E 

X 

X 

Eh 

03 

■ — 1 

33 

01 

U) 

o 

3-h 

D 

D> 

•rH 

IP 


SECTION  4 


RADIATION  EFFECTS 

The  discussion  previously  presented  allows  radiation  effects 
to  be  calculated  based  on  the  underlying  physics,  geometry 
and  electronics.  This  will  now  be  done  and  comparisons  made 
with  preliminary  experimental  measurements  (Ref.  3).  In 
anticipation  of  these  results,  it  is  here  noted  that  the 
radiation  tolerance  of  a  complete  memory  cell  will  be 
determined  by  the  radiation  hardness  of  the  semiconductor 
devices  used  in  the  auxiliary  circuits,  e.g.,  I/O  circuits, 
sense  circuits  and  write  circuits.  This  is  because  tne 
actual  ferroelectric  capacitor  storage  elements  are  extremely 
radiation  hard. 

4.1  DISPLACEMENT  DAMAGE. 

The  basic  ferroelectric  effect  is  a  cooperative  phenomenon 
involving  the  summation  of  effects  from  the  individual  basic 
cells  or  'unit  cells.'  The  capacitors  are  so  thin  that 
'domain'  wall  motion  is  a  second-order  effect,  and  the 
primary  effect  is  the  direct  polarization  of  all  of  the 
cells  in  the  capacitor.  The  domain  walls  are  nearly  ai^ 
perpendicular  to  the  ferroelectric  film  (see  Figure  5). 

For  the  purpose  of  a  semi-quantitative  calculation  of  neu¬ 
tron  damage  threshold  the  unit  cell  volume  will  be  estimated 
at  5  x  10~°  cm  x  5  x  10-8  cm  x  G  x  10~°  cm  or  12G  x  10~2‘* 

O 

cm  .  There  are  then  about 


1 

12GxlO-24 


(4) 


ce^is/cir.°  or 


X  1 ! 


cel Is /cm0 . 


The  damage  threshold  will 
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DOMAIN 


8«npl«  7023C,  40nm 


Figure  5.  Thin  film  ferroelectric  domain 
structure . 
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occur  when  displacement  damage  disturbs  about  1$  of  the 
volume  or  amounts  to  about  8  x  1019  displacements/cm3 .  The 
neutron  displacement  cross  section  is  very  roughly  5  x  10 -24/cm2 
and  the  density  of  damage  regions  is  given  by  Nd  -  Maor-j«#»T> .  i\ 
is  a  multiplication  factor  which  is  approximately  500  for 
1  MeV  neutrons.  The  atomic  density  is  approximately  5  x  1022 

o 

atoms/ cm"3  ana  so  the  neutron  fiuence  required  to  produce 
about  10i9  displacements/cm3  is  approximately  6.4  x  1017 
n/cai^ .  At  this  level  otner  effects  would  certainly  predomi¬ 
nate.  In  particular  the  ionic  polarization  is  a  strong 
function  of  the  lattice  constant.  The  lattice  constant  must 
be  small  enough  so  that  the  atom  which  "slips”  a  small 
distance  in  the  unit  cell  between  two  relatively  stable 
■limit  positions  (Ps  and  Pv )  will  remain  quasi-stable  in  each 
polarization  position  yet  it  must  be  large  enough  so  that 
"slippage"  is  possible  tit  all.  Only  a  very  narrow  range  of 
lattice  constants  satisfies  this  condition.  If  one  assumes 
a  linear  coefficient  of  expansion  due  to  neutron  exposure  of 
the  form  (Ref.  4! 


~  *  K* 


with  worst  case  *  approximately  5  x  10_19/n/cm2  (Ref.  5)  and  if  one 
further  assumes  that  a  cnange  of  0.1%  is  the  lattice  con¬ 
stant  that  will  appreciably  change  the  ferroelectric  hysteresis 
curve,  then  the  damage  threshold  is  approximately  5  x  10+i6n/cm2. 
Again,  there  is  no  significant  concern  at  military  require¬ 
ment  levels.  Tne  limit  0.1%  is  chosen  to  oe  small  compared 
with  the  distance  the  titanium  atom  moves  when  polarization 
is  reversed  ;a:0.5A0)  and  also  comparable  to  the  change  in  lattice 


l5 


parameters  over  a  200°C  temperature  range  (*0.5A°)  (Ref.  5) 

The  limit  0.1%  is  also  consistent  with  a  lattice  strain  of 
0.3%  obsei’ved  as  a  consequence  of  full  polarization. 

4 . 2  PROMPT  DOSE  RATE  . 

A  prompt  puise  could  affect  the  polarization  state  if  it 
allowed  tne  polarization  field  to  relax  for  a  sufficiently 
long  time.  To  estimate  the  threshold  for  this  effect  one 
compares  the  charge  density  from  tne  polarization  to  tne 
charge  density  created  oy  tne  radiation  puise.  If  the 
radiation  charge  exceeos  the  polarization  charge,  tne 
internal  field  in  the  ferroelectric  could  relax  and  be 
altered  and  the  polarization  could  change.  The  cnarge 
from  the  radiation  is  estimated  from 

Ql  -  qgv  *1.0  x  1C19  x  1C13  x  54  x  10' 8  x  (6) 

4  x  10-“  *32  x  10 “*c  couiomos/rac 

Tne  charge  from  tne  polarization  is 

-  PA  -  15  x  1C" 6  x  54  x  I0“°  -  810  x  10~1“  coulombs 

Tne  prompt  radiation  pc . se  required  to  maxe  is  then 

810  x  10  *  “  cGUiOi.os  32  x  10  *°  couioiubs  /  rac!  or  approxi¬ 
mately  250,000  rads.  Some  manges  m  the  polarization  might 
occur  at  aoout  lOi  or  tnis  -evei  or  25,000  racs.  Tms  is  a 
worst— case  analysis  since  tne  polarization  cnarge  is  ionic 
and  tne  radiation  cnarge  electronic.  r  r  e  sui.a  o  -  y  tne  rauia- 
tiun  cnarge  will  not  oe  100%  effective  in  neutralizing  the 
ionic  polarization  charge  since  it  wu.  oe  n  i  g  n . y  ;.iO  o  l  -  e  arc 
wi .  1  be  rapidly  swept  out  of  the  memory  Another 

e  1 1  iria  t  e  of  tne  electronic  Cnarge  required  to  re. ax  tne 
jo x a i i za t  . on  can  oe  generated  from  tne  write  puise  descrip- 
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tion  and  requirements.  The  write  field  is  applied 
nsec.  The  charge  transit  time  through  the  ferroelectric 
capacitor  is  given  by 

—  (7) 

O 

where  p  is  estimated  as  1  cm  /volt  sec.  Using  these 
values,  the  transit  time  is  (.6  x  1 0-* ) 'V  i . 00  x  G  *7  x  10-*^ 
seconds.  The  ratio  of  the  write  time  to  tne  transit  time  :s 
approximately  70,  and  one  therefore  concludes  that  in  the 
"worst— case  tne  electrons  are  aoout  1%  effective  in  alter¬ 
ing  ionic  poiar izat ion .  An  estimate  of  10%  effective 
would  lead  to  a  calculated  threshold  of  2G0,000  rads  prompt. 

The  required  duration  of  the  applied  field  can  be  estimated 
from  basic  ferroelectric  theory.  For  example,  it  has 
been  shown  that  the  displacement  of  the  Titanium  atom  in 
BaTiO  must  be  0.26  x  10~°  cm  if  one  attributes  ail  of  tne 
polarization  to  this  shift.  The  Titanium  atom  itself  has  a 
cnarge  of  -*-4  in  the  lattice. 

The  Ti~~'r'r  ion.  moves  in  the  unit  ceil  between  two  oxygen 

atoms.  There  are  two  stable  polarization  positions,  a  saturated 

polarization  and  a  reset  polarization  state.  The  Ti  + 

moves  in  a  potential  well  wnose  specific  shape  can  oe 

deduced  from  the-  nature  of  the  phase  transition  at  the 

Curie  temperature.  Measurement  of  the  dielectric  constant 

as  a  function  of  T- Tc  will  define  a  first  order,  second 

oroer ,  or  sometimes  an  ever,  more  comnlicateo  or.ase  trarsi  t  ion . 

Qualitatively,  the  potential  well  is  depicted  in  Figure  6. 


Figure  6.  Juo  *  i  t- a t  i  ve  V'il  rure  o~  t.'<-  ootsnt.  .ia>  wei- 
for  the  Ti"l’"r  +  +  atom  (Ref.  6  1  . 


-he  dynamics  of  the  establishment  of  tne  transition  (write; 
times  can  be  deouceo  by  solving  an  approximate  form  of 
the  equation  of  motion  of  the  TiT*TT  atom.  This  assumes 
that  domain  wail  motion  effects  do  not  significantly  affect 
switching  times.  This  assumption  is  consistent  with  tne 
observation  tnat  domain  wal-s  are  predominantly 
perpendicular  to  the  capacitor  film  (see  Fig.  f> )  .  In  the 
equilibrium  position  Xea,  tne  forces  on  the  Ti^_r'r'r  atom  are 
0.  At  Aj-jS  the  polarization  force  4e£  is  balanced  oy  a 
iattice  restoring  force  wiucn  must  be  ecus -  anc  opposite  to 
the  polarization  force.  If  the  variation  of  E  with  X  is 

negrectec,  since  tne  maxima  oetween  X _ .  anc  eitn.er  X__  or 

Xp,,  are  quite  sma-i,  the  equation  of  motion  is 


X11 


(8) 


for  moving  the 
AX*  is  lattice 
osc i a -at  ion  wh 


TiT+TT  atom  from  Xeq  to  Xps .  .ne 
"friction'  force  wnich  o  a  imps  out  t 
ich  the  Ti‘r""‘t"r  atom  would  otherwise 


term 

ne 


expe 


i  e  n  c  e  . 


An  a our ox i mate  solution  is 


The  half  cycle  time  or  write  time  is 


t 


(9) 


(10) 


The  same  approximation  gives  the  switching  time 

from  X,i5  to  Xor  since  'Doth  the  distance  and  the  initial 

o  2  x 

acceleration  are  doubled  and  t £  This  approximation 

g  i 

for  switching  time  neglects  the  "friction"  term,  AX  , 
which  will  tend  to  slow  the  transition  down  slightly  and 
rapidly  damp  out  tne  oscillation  which  would  otherwise  ensue. 


This  calculation  also  shows  that  a  minimum  write  time  of 
approximately  0.1  nsec  puts  an  upper  limit  on  the  memory 
speed  unless  the  capacitor  thickness  d  can  be  substantially 
reduced.  However,  this  limit  is  so  fast  that  it  will  not  be 
a  problem  for  the  foreseeable  future.  It  should  be  noted 
that  a  practical  circuit  would  require  write  times  at  least 
an  order  of  magnitude  larger  l -1  ns)  to  provide  design 
margin.  It  should  be  noted  here  that  the  atomic  mass  of 
titanium  and  the  displacement  of  titanium  in  BaTiO^  were 
both  used  in  the  calculation.  The  current  ferroelectric 
material  situation  uses  a  modified  ?bTiO~  ceramic  and 
therefore  the  polarization  is  similar;  however,  the  specific 
composition  of  this  ferroelectric  material  has  not  been 
re i easea . 


TOTAL  DOSE  • 


No  specific  total  dose  damage  mecnanrsm  other  than  eventual 
displacement  damage  from  high-energy  Compton  electrons  is 


IS 


foreseen.  On  this  basis  the  threshold  for  total  dose 
resulting  from  high  energy  t  radiation  is  estimated  to  be 
greater  than  10s  rads(Si).  Tnis  exceeds  the  capability  of 
the  associated  silicon  circuits  and  is  much  greater  than  any 
currently  projected  military  requirements. 

4.4  OTHER  RADIATION  EFFECTS. 

The  ceramic  contains  lead,  a  high  Z  material,  and  so  thermo- 
mechanical  shock  from  X-rays  and  dose  ennancement  are  botn 
second-order  effects  which  must  be  considered.  Both  are 


SECTION  5 


SINGLE  EVENT  UPSET 

The  large  polarization  charge  density  makes  the  memory  ceil 
relatively  impervious  to  SEU  for  a  reasonable  geometry. 

The  SEU  sensitivity  can  be  estimated  based  on  the 
calculations  already  made.  First  the  charge  density  must 
exceed  the  polarization  charge.  Tne  polarization  charge  is 
3.1  p  coulombs  for  our  6/u  by  9n  ferroelectric  capacitor. 

Typical  charge  deposition  from  *  particles  would  be  C.l 
p  coulombs,  for  Cu  about  2  p  coulombs  (Ref.  7).  For  «  particles 
to  affect  the  polarization,  the  area  of  the  capacitor  would 
have  to  be  about  81  times  smaller  (approximately  0.8^  by 
0 . 8fi )  .  However,  ot  charge  collection  times  would  be  about  1/2 
nsec  (Ref.  7)  and,  although  some  depolarization  might  take 
place,  it  would  probably  be  relatively  small.  Charge  collection 
from  Cu  ions  would  take  3  or  4  nsec.  In  addition,  Cu  ions 
would  supply  far  more  charge.  Furthermore,  the  avaiiaole 
charge  would  depend  on  the  angle  of  incidence  of  tne 
incoming  high  Z  particles. 

Significant  depolarization  might  occur  for  3p  by  4u  capaci¬ 
tors  for  heavy  ions.  This  is  a  worst— case  estimate.  Tne 
data  from  fission  fragments  support  that  the  SEU  sensitivity 
is  much  lower  than  this  estimate. 


However,  the  question  of  permanent 
under  high  electric  field,  similar 


damage  to  a  capac 
to  observed  MN03 


itor 
and  MOS 


failure  at 


high  fields,  must  be  resolved  experimentally. 


J 


« 
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SECTION  6 

EXPERIMENTAL  RADIATION  EFFECTS 


DATA  COMPARED  WITH  THEORY 

A  small  number  of  experimental  tests  have  been  run  on  fer¬ 
roelectric  capacitors  in  the  radiation  environment.  The 
results  are  consistent  with  the  preceding  discussion. 
Unfortunately/  radiation  stresses  sufficient  to  damage  the 
hysteresis  loop  have  not  been  tested  so  the  experimental 
results  merely  define  levels  at  which  no  damage  is  observed 
and  show  that  much  higher  levels  will  be  required  to  damage 
the  basic  memory  cell  (see  Table  2). 


Table  2.  Comparison  of  theoretical  and 
experimental  radiation  data. 


RADIATION  STRESS 

— 

DISPLACEMENT 
DAMAGE,  n/cm^ 

IONIZING  DOSE. 
Rads(Si) 

_ 

IONIZING  DOSE. 
Rads(Si)/s 

FISSION  FRAGMENTS 
Cf  252. 

Particles/cm^ 

THEORETICAL 
THRESHOLD 
(ESTIMATED  LEVEL 
THRESHOLDI 

5  x  1016 

00 

o 

A 

2 .5  x  101  3 

PROBABLY  NO 
DAMAGE.  NO  SEU 
AT  ANY  LEVEL 

EXPERIMENTAL 

DATA  (MEASURED 
LEVEL  AT  WHICH 
NO  OAMAGE 

IS  OBSERVEOI 

1014 

107 

12  x  101 1 

At  6  x  106 
Particles  cm2, 

NO  DAMAGE  AND 
NO  SEU 
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SECTION  7 


READ  MECHANIZATION 

The  simplest  read  circuit  puts  the  ferroelectric  capacitor 
in  series  with  a  standard  capacitor  (Figure  7a).  The  ferro¬ 
electric  capacitor  is  then  sensed  with  a  field  sufficient  to 
produce  saturation  polarization.  The  signal  at  the  node  of 
the  sensing  capacitor  is  fed  into  an  op-amp.  If  the  ceil  is 
already  in  the  saturated  state  only  a  small  signal  results. 
If  the  ceil  is  in  the  reset  polarization  state  a  larger 
signal  results. 

Actually,  to  improve  noise  margins  a  Ferroelectric 
Reference  Capacitor  is  used  and  a  differential  sense  mode 
between  tne  sensor  capacitor  and  reference  ferroelectric 
capacitor  is  employed.  The  functional  diagram  and  timing 
diagram  for  a  typical  application  are  shown  in  Figures  7b 
and  7c. 

To  make  the  read  cycle  as  immune  to  radiation  pulse  upset  as 
possible,  the  read/restore  process  can  be  done  on  a  bit-by- 
bit  basis  with  the  total  cycie  lasting  about  50  nsec.  The 
probability  of  being  hit  by  two  successive  radiation 
pulses/within  50  ns  is  vanishingly  smali  for  any  practical 
nuclear  scenario.  If  a  bit  is  destroyed  by  interruption  of 
a  single  read/restore  cycle,  a  software  fix  utilizing  a  flag 
to  identify  the  bit  being  read,  a  word  sum  using  a 
Hamming  code  technique  or  parity  bit  technique  can  determine 
if  the  bit  must  be  reset.  Thus,  utilization  of  a  rapid 
read/restore  cycle  enables  the  memory  to  effectively  become 
NDRO  in  any  practical  scenario.  There  are  of  course  other 
schemes  to  make  the  memory  NDRO,  such  as  partial  sensing  or 
differential  sensing  against  a  reference.  However,  the  EDAC 
scheme  is  probably  the  simplest  and  most  practical. 
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regardless  of  history. 


Figure  7b.  Functional  diagram. 


READ  CYCLE  WRITE  CYCLE 


Figure  7c.  Timing  diagram. 
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